Apolipophorin III (apoLp-III) from Locusta migratoria was employed as a model apolipoprotein to gain insight into binding interactions with lipid vesicles. Differential scanning calorimetry (DSC) was used to measure the binding interaction of apoLp-III with liposomes composed of mixtures of 1,2-dimyristoyl-snglycero-3-phosphocholine (DMPC) and sphingomyelin (SM). Association of apoLp-III with multilamellar liposomes occurred over a temperature range around the liquid crystalline phase transition (L α ). Qualitative and quantitative data were obtained from changes in the lipid phase transition upon addition of apoLp-III. Eleven ratios of DMPC and SM were tested from pure DMPC to pure SM. Broadness of the phase transition (T 1/2 ), melting temperature of the phase transition (T m ) and enthalpy were used to determine the relative binding affinity to the liposomes. Multilamellar vesicles composed of 40% DMPC and 60% SM showed the greatest interaction with apoLp-III, indicated by large T 1/2 values. Pure DMPC showed the weakest interaction and liposomes with lower percentage of DMPC retained domains of pure DMPC, even upon apoLp-III binding indicating demixing of liposome lipids. Addition of apoLp-III to rehydrated liposomes was compared to codissolved trials, in which lipids were rehydrated in the presence of protein, forcing the protein to interact with the lipid system. Similar trends between the codissolved and non-codissolved trials were observed, indicating a similar binding affinity except for pure DMPC. These results suggested that surface defects due to non-ideal packing that occur at the phase transition temperature of the lipid mixtures are responsible for apolipoprotein-lipid interaction in DMPC/SM liposomes.
Introduction
Apolipophorin III (apoLp-III) is an abundant apolipoprotein found in the hemolymph of insects. The protein aids in the transport of diacylglycerol (DG), the transport form of neutral lipids in certain insects specialized in long distance flight [1] . The protein is made of segments of amphipathic α-helices, the structural element responsible for lipid interaction [2] . Derived from triacylglycerol (TG) stores in the fat body, a liver and adipose tissue analog, DG is transferred to circulating lipoproteins at fat body binding sites. Subsequently, up to 16 apoLp-III molecules associate with the lipoprotein surface to compensate for the increase in hydrophobicity and subsequent packing defects [3, 4] . ApoLp-III has been used as a valuable model protein to gain insight in the structure and function of exchangeable apolipoproteins [5] . X-ray and NMR structures are available for apoLp-III in the lipid-free state from Locusta migratoria and Manduca sexta [6] [7] [8] . ApoLp-III is a 5-helix bundle protein, burying most of the hydrophobic residues. The polar faces of the amphipathic α-helices are directed outwards, ensuring solubility in an aqueous environment. The protein shows a strong resemblance with vertebrate apolipoproteins apoA-I and apoE (see reviews by [9] [10] [11] ). Similar to human apolipoproteins, apoLp-III forms discoidal complexes when added to phospholipid liposomes [12] [13] [14] [15] [16] . A large protein conformational change accommodates lipid binding, and helix-helix interactions are replaced by helix-lipid interactions [14, 17] . In the resulting lipidprotein complexes, termed nanodiscs, the apolipoprotein is wrapped around the periphery as an extended α-helix, covering the otherwise exposed acyl chains on the disc edge [18, 19] . Similar models have been proposed for apoE and apoA-I [10, [20] [21] [22] [23] . The relatively small size of apoLp-III (164 amino acid residues), its monomeric state in solution, and availability of high-resolution structures makes it an attractive model protein to investigate the molecular details of lipid binding interaction [5] .
Zwitterionic phosphatidylcholine (PC) and sphingomyelin (SM) are the main lipids of mammalian cell membranes such as erythrocytes and platelets [3, 24] . In general, many mammalian membranes show an asymmetric distribution of lipid species and PC and SM are preferentially located on the outer membrane leaflet. Moreover, they are integral components of the monolayer that coats lipoprotein classes and subclasses [25] . The core of these lipoproteins is formed by cholesterol, cholesterol esters and TG. Preferential interactions of apolipoprotein with PC over SM have been reported for low density lipoprotein (LDL) [25] . Moreover, we recently showed that the actual ratio of SM to PC plays a role in modulating membrane packing and certain ratios may enhance the formation of surface defects, which in turn provide apolipoprotein binding sites. It was reported recently that PC incorporated into a SM matrix induced significant non-ideal packing and different ratios of sphingomyelin affect the domain size [26] . Multiple factors such as charge-charge interactions, membrane curvature strain and hydrophobic mismatches between the peptide and lipids play a role in ligand binding to membranes. These factors are known to cause membrane perturbation resulting in bilayer defects, phase separations or membrane thinning that could even lead to pore formation [27] . Studies with apoLp-III have indicated the importance of packing defects in the bilayer surface that enhance the binding of apoLp-III [3] . In the present study, we investigated the interactions of L. migratoria apoLp-III with lipid systems of varying molar ratios of PC and SM. Differential Scanning Calorimetry (DSC) was used as a non-perturbing thermodynamic technique to investigate the thermotropic phase behaviour of model lipids [28] . Moreover, changes of lipid phase characteristics were used to monitor the membrane interactions of apoLp-III and the impact of the apolipoprotein binding on the biomimetic liposomes.
Materials and methods

Materials
DMPC and SM (Egg, Chicken) were purchased from Avanti Polar Lipids (Alabaster, Alabama). ApoLp-III from L. migratoria was expressed in Escherichia coli BL21 cells. ApoLp-III expression was induced with IPTG and the protein purified by gel filtration chromatography and HPLC as described in detail previously [29] . Sodium phosphate, sodium phosphate monobasic, sodium chloride and disodium ethylenediamine tetracetate were purchased from Fisher Scientific (Ottawa, Ontario).
Liposome preparation
The liposomes were composed of pure egg SM, DMPC and different mixtures thereof in steps of 10 mol%. DMPC and SM were weighed out using a Sartorius MC5 (Göttingen, Germany) microscale and dissolved in chloroform-methanol (2:1 v/v) solution. Aliquot amounts of SM and DMPC stock solutions were added to produce the desired lipid ratio. The lipids were dissolved by gentle vortexing and brief sonication in a water bath (Fisher Scientific FS100H, Ottawa Ontario). The solution was dried under a stream of argon gas and placed in a vacuum (100 mm Hg) for 6 h to evaporate residual solvent traces. Subsequently Multilamellar Vesicles (MLVs) were prepared by rehydrating the lipid film in PBS (Phosphate Buffer Saline; 100 mM sodium phosphate, 150 mM NaCl, 10 mM EDTA, pH 7.2) to a lipid concentration of 1 mg/mL for 1 h with periods of vortexing and brief sonication at 55°C. The hydration was done using a heating block (Fisher Scientific Isotemp 145D Ottawa, Ontario) at 10 degrees above the T m of the lipid (DMPC 34°C and SM 54°C). The lipid mixtures were rehydrated at the same temperature as pure SM.
ApoLp-III solution
ApoLp-III was dissolved in PBS to prepare a protein stock solution of 10 mg/mL. The apoLp-III stock was centrifuged (Thermo IEC Micromax, Fisher, Ottawa, Ontario) at 10,000 rpm for 7 min to remove any undissolved protein. The final protein concentration was determined spectroscopically by using the absorbance at 280 nm of the two tryptophan residues that reside in apoLp-III (A 280 of 0.626 = 1 mg/mL).
Apolipoprotein addition to liposomes
The liposomes were prepared as described above. Upon rehydration the vesicles were redissolved in PBS. Appropriate amounts of apoLp-III dissolved in PBS buffer were added to make a 30:1 lipid to protein ratio (1 mg/mL solution of lipid). Rehydration was done at 10°C above the T m of the lipid with several cycles of rigorous vortexing.
Lipid-apolipoprotein mixtures (codissolved)
Stock solution of apoLp-III (10 mg/mL), DMPC and SM (1 mg/mL) were prepared with ethanol at the selected lipid and protein ratio (30:1). The samples were then vortexed and dried under a stream of argon. The samples were further dried in a vacuum oven (100 mm Hg) for 6 h.
DSC
Differential scanning calorimetry measurements were performed with a Microcal VP-DSC MC-2 High Sensitivity instrument (Microcal, Northampton Massachusetts) operating at a heating or cooling rate of 10°C/hr between 5 and 55°C. The scans were recorded in the presence and in the absence of apoLp-III using PBS as a reference. All samples were degassed by vacuum prior to use. Five scans were recorded for each vesicle preparation and the final scan was used for data analysis by subtracting the buffer prior to baseline correction using the Microcal Origin (Microcal, 7.0) software to determine the T 1/2 and T m . Calorimetric enthalpies (ΔH cal ) were calculated by integrating the peak areas.
Results
MLVs are closed spherical structures that are composed of a number of concentric bilayer sheets in aqueous solution and exhibit a strong cooperative and reversible phase transition at the T m [30] . Upon rehydration of SM and DMPC in buffer, MLVs are formed [30, 31] . As discussed in detail previously, rehydrated dispersions of pure DMPC when not extensively annealed at low temperatures exhibit two endothermic events [32] . There is a less energetic pre-transition near 14°C and a more energetic main transition near 24°C. Fig. 1 illustrates DSC scans for PC, SM and mixtures. The first smaller endothermic event arises from the conversion of the L' β to the P' β phase and this temperature range is shown in the insert of Fig. 1 . The main endothermic event is the chain-melting phase and signifies the transition from the P' β to the L α phase. The midpoint of this transition is called the T m and in a pure lipid the peak is symmetrical as seen with DMPC [30] . Fully hydrated egg sphingomyelin exhibited only a single asymmetric reversible phase transition at about 38.5°C, but also up to 40.5°C in other DSC studies [33] . This endotherm represents the gel to liquid crystalline phase transition for pure sphingomyelin but no pretransition is observed. However the endotherm is considerably broader (larger T 1/2 ) as seen in the increased temperature range of the transition compared to DMPC. This is due to the heterogeneous acyl chain composition of egg sphingomyelin in this extract. DSC thermographs of pure DMPC, egg SM and binary mixtures clearly exhibit trends as a function of lipid composition. The pre-transition peak ( Fig. 1 insert) shifted to lower temperatures with increasing amounts of SM of up to 20%. In addition to the progressive shift from 11°C for pure PC to~8°C for 20% SM, the pre-transition peak became smaller and was not detectable at SM concentrations ≥30%. Analysis of the main transition peak upon addition of SM in 10% increments exhibited a proportional increase in T m by about 1.5°C as shown in Fig. 2 . The peak broadness defines the temperature range from the onset of the main transition to its completion and is commonly described by T 1/2 (peak width at half height). The DMPC peak is sharp and cooperative as expected for a synthetic, well-defined lipid and its T m and T 1/2 values correspond to previously published values [34] . The addition of SM resulted in increased T 1/2 (broadness) of the endotherms. The observed asymmetry could be partly due to the fact that egg SM is highly enriched in C16:0 (84%) but does contain other acyl chains as well. The shape of the various peaks indicates the existence of multiple sub-peaks, which will be addressed later. The different lipid mixtures have been grouped based on their T 1/2 value (shown in legend of Fig. 3 ). Group 1 is comprised of pure PC or low % SM (0-20% SM) and showed the lowest T 1/2 of about 1°C (white bars in Fig. 3 ). The high % SM liposomes (90-100%SM) and the 30% SM ratio are averaged into group 2 and show approximately a two-fold increase over group 1 (T 1/2~2 .33). Lipid mixtures with the highest T 1/2 were observed for group 3 that consist of 40-80% SM. These mid range ratios show a significantly larger T 1/2 (~3.5°C) indicating a less ideal lipid packing. A more or less progressive increase in T 1/2 was observed up to 80% SM when groups 1-3 are compared. The 80% SM sample in group 3 displayed the broadest peak and is more symmetric compared to other peaks indicating a system with significant lipid packing problems potentially resulting in significant surface defects.
Similar to the T 1/2 values, enthalpies were averaged into three groups (Fig. 4 white bars). Group 1 had the largest enthalpy (~4.7 kcal/ mol) and generally consisted of low or high SM ratios with the exception of 60% SM. This included pure DMPC with an enthalpy of 5.3 kcal/mol, which is close to a reported value of 5.9 kcal/mol [35] . However some biomimetic mixtures yielded noticeably lower enthalpies. These have been separated into two groups (group 2 and 3). With an average enthalpy of approximately 3.9 kcal/mol, group 2 was an average of ratios across the entire range that were 30% SM apart (10, 40, 70% SM). Group 3 had a considerably larger deviation from either group with an average enthalpy of 2.81 kcal/mol indicating packing problems or even localized demixing.
Cooling scans mixtures containing different PCs have been shown to accentuate the different phase transitions seen in the liposome mixtures [35] . Cooling scans indicated the presence of two separate peaks which could be visualized for 60% SM in group 1 (data not shown). The two overlapping peaks showed maxima~5°C apart indicating a peak dominated by DMPC at lower temperatures and one dominated by SM at the higher temperature. heating rate of 10°C/h) 1) 100% DMPC 2) 10% SM 3) 20% SM 4) 30% SM 5) 40% SM 6) 50% SM 7) 60% SM 8) 70% SM 9) 80% SM 10) 90% SM 11) 100% SM. The insert shows the pre-transitional peak for 1), 2) and 3) from 5-15°C. 
Interaction of ApoLp-III with DMPC and SM
Addition of apoLp-III in a 30:1 lipid to protein molar ratio allows for the monitoring of protein-membrane interactions. This resulted in a large high temperature shoulder above the T m , most visible in pure DMPC and low ratios of SM. For 100% DMPC, the pre-transition and much of the original DMPC L α transition were still visible in the thermograph in addition to the high shoulder (Fig. 5, endotherm 1 ). Since the pre-transition is sensitive to the presence of impurities [24] , this indicated the presence of protein-rich and protein-poor membrane domains. The main endotherm was composed of two peaks, a sharp and narrow peak centered around 24°C (protein-poor), and a broader endotherm at 26°C (protein-rich). This directly correlates with results reported by [32] for M. sexta apoLp-III. This demixing effect suggests that a considerable amount of the DMPC is either very weakly or not interacting with apoLp-III. This is also supported by the occurrence of the pre-transition peak and is used as an indicator of lipid purity [36] .
Liposomes high in DMPC content (≥ 80% in Fig. 5 ) interacted with the apolipoprotein in a similar manner as pure DMPC, exhibiting a well-defined sharp peak. Increased SM concentrations were accompanied by an increased transition broadness, which also indicated the presence of the two lipid components. Again, these are assigned to be a lipid dominated component (lower temperature) and a lipid-protein dominated component (higher temperature, [37] ). The thermograms retained a strong resemblance to the apolipoprotein-free DMPC lipid blank (Figs. 1 and 5) and peak fittings showed larger T 1/2 values for SM as discussed later.
The prominence of the DMPC peak decreased with increasing SM concentrations, suggesting a disappearance of DMPC enriched domains. Increasing the SM content potentially resulted in more packing defects. This would have a positive effect on the apoLp-III interaction, resulting in a diminished resolution of protein-rich and protein-poor populations. At 80% SM the transition peaks were poorly resolved, as peak fitting analysis was needed to define the SM and PC peaks (Fig. 6 ). Based on curve fitting analysis it seems that apoLp-III preferentially interacts with SM in the liposome leaving more free DMPC domains that are not interacting with SM nor with apoLp-III, resulting in separation [37] . This was proposed since the addition of apoLp-III to lipid resulted in an improved separation of the two transition components and a more visible DMPC peak. This is presumably due to the protein's preferential interaction with SM resulting in a reduced SM-PC interaction allowing the PC peak to become more resolved. The observed separation of the transition indicated at least a partial demixing between the two lipid species, resulting in two well defined peaks.
In the presence of apoLp-III, SM displayed a considerably broader endotherm with an increased ΔT m of 2°C compared to pure SM. Unlike DMPC, one transition was observed and due to the broadness of the peak, no protein-rich or poor regions were identified without peak fitting. The transition retained the general shape of the SM transition seen in the lipid blank, with the exception of a broader endotherm with a lower enthalpy. The T 1/2 value is similar to some of the PC/SM mixtures indicating a similar affinity (Fig. 3) .
The addition of apoLp-III resulted in an increase of T m of~2°C for all mixtures in a linear relationship at higher temperatures compared to the lipid mixture trend line (Fig. 2 , square points and small dashed line). The different slope of the apolipoprotein addition data resulted from the lower SM mixtures, whereby the T m of the PC component is the highest point but not the midpoint of these transitions. If midpoint data were considered, the apolipoprotein addition trend line would be closer to the codissolved samples (see below). Comparing the lipid blank and apoLp-III addition, the 40% SM samples strongly deviated from the other samples, indicating an important impact of lipid composition on apolipoprotein interaction.
In addition to an increase in T m values, a similar trend was observed for T 1/2 values as all lipid-protein mixtures displayed a broader endotherm with apoLp-III, except for pure DMPC (Fig. 3) . The T 1/2 values for low concentrations of SM in the presence of apoLp-III do not accurately describe the effect of the protein since T 1/2 values are calculated at half height. The taller peaks of the transition of endotherms 1, 2 and 3 (the DMPC domains) do not include the broadening of the peak due to the occurrence of peak shoulders at the base of the transition. Hence T 1/2 cannot be used as an adequate measure of the effect of the protein on liposomes in these cases. For clarity, scans for every 20% SM increment were plotted in Fig. 5 , but all data points were included in the trend summary of Figs. 2-4. Liposomes composed of 0-30% SM excluding 20% SM (group 4 in Fig. 3 ) showed a significantly lower T 1/2 value at 1.75°C compared to other ratios in groups 5 and 6. These values are closer to group 1 indicating minimal deviations from the PC phase transition. Group 5 had a substantial increase in T 1/2 (~8.1°C) and represents a broad range of liposomes (20, 40, 50 and 90% SM). The average T 1/2 increased about 4.5 times for group 5 and over 5 times for group 6. The increase in broadness indicates a strong disturbance of the cooperativity of the transition. The difference between group 5 and 6 is about 1.5°C and proposes a greater degree of demixing for the higher SM % ratios (60-80 and 100% SM). The T 1/2 with apoLp-III increased, reaching its maximum value at 60% SM (group 6, grey bars). The largest changes in T 1/2 were seen for the ratios N30% with the exception of 20%, which may implicate this concentration in increased packing defects. Despite the initially discussed limitations, T 1/2 value remains a useful indicator for liposomes with a SM content of N30%.
Immediately evident from Fig. 4 , the enthalpy was consistently lower for the protein bound systems (grey bars versus white bars). The variation between the enthalpy of the apoLp-III samples was smaller than for the lipid blanks as the average between groups 4-6 varies by less than 1 kcal/mol. Group 4 represents lower % SM with the exception of 80% SM and has the highest enthalpy for the apoLp-III addition at 3.1 kcal/mol. Group 5 is the average of the 40 and 70% SM ratios and yields a slightly lower enthalpy of 2.75 kcal/mol, which is very similar to group 3 of the lipid blanks. Group 6 contains both the pure DMPC, high SM% and mid range (50, 60% SM) and had the lowest average enthalpy for the apoLp-III addition at 2.45 kcal/mol. The enthalpy did not follow any direct trends with increasing SM concentrations, suggesting localized demixing at certain ratios.
The cooling scans showed similar results, namely an increase in the T m and a large increase in the T 1/2 , however with a nosier baseline. The presence of apoLp-III increased the width of the already broad endotherm of the gel to liquid crystalline transition (data not shown). The cooling scans were effective in increasing the resolution of the two peaks in the main transition that were faintly observed in the heating scan (especially for the 60% SM sample).
When the apolipoprotein was added to the liposomes five scans were necessary for some samples to reach equilibrium which means that consecutive scans would overlay perfectly and further scanning would not change the thermodynamic parameters. Such differences between scans may be due to the fact that MLVs are composed of multiple bilayers. Thus when the apolipoprotein is added to the buffer sequential interactions with the various lamellae may occur before an equilibrium distribution is observed. Consequently, in the paragraphs below data for codissolved samples were investigated. Dried films containing lipids and apoprotein are hydrated to optimize the interaction of the apoprotein with the entire lipid matrix. Since the maximum interaction is facilitated no changes upon rescanning are expected.
Codissolved lipid-apolipoprotein samples
The thermograms recorded under these conditions equilibrated quickly between scans as opposed to the apoLp-III addition (Fig. 7) . Nevertheless, these samples exhibited the same trends as observed for apoLp-III addition to liposomes. The T m and T 1/2 increased with rising SM concentrations with the largest T 1/2 observed at 60% SM, and the enthalpy was consistently lower in the presence of apolipoprotein (Figs. 2-4) . The observed trends were similar, but the absolute extent of the interactions was more pronounced for codissolved samples. This is particularly obvious for DMPC, which only exhibits one broader peak as opposed to the obvious protein-rich and protein-poor domains (Figs. 5 and 7 endotherm 1). The codissolved endotherms were broader, displayed a lower enthalpy and shifted T m compared to the lipid blanks. The T m , T 1/2 and enthalpy trends shown in Figs. 2-4 respectively follow the apolipoprotein addition trials. Compared to both the lipid blank and apoLp-III addition trials, the phase transition had an increased T m with an upward shift of the trend line (Fig. 2) . The codissolved trend line for T m runs almost parallel to the lipid matrix trend line and above the apolipoprotein addition trend line indicating that the codissolved trials elicited a more pronounced interaction (Fig. 2 triangles and  dashed line) .
The T 1/2 of the codissolved samples in Fig. 3 show more consistent values than the apoLp-III addition trials. Group 7 consists of the majority of the codissolved liposomes from 0-80% SM with the exception of 10, 50 and 70% SM. The T 1/2 was more than double than any of the lipid blank samples. 30% SM (group 7) had the narrowest distribution compared to other codissolved liposomes indicating a stronger lipid matrix effect in this mixture. Group 8 has an average T 1/2 close to group 5 suggesting a similar degree of broadening induced by apoLp-III in either group. Values between 50 and 80 % SM excluding 70% (group 9) showed the largest T 1/2 for the codissolved at 9°C, which is approximately 0.5°C lower than observed for group 6. This represents a similar extent of interaction between the two groups possible due to localized demixing. When this data is compared to the apolipoprotein addition values, the codissolved samples are narrower for the majority of the liposomes (group 8 and 9 compared to group 6 and 7). This indicates that lipid packing problems affect the interaction of the apolipoprotein in the apolipoprotein addition experiments, whereas the simultaneous hydration of lipids and proteins resulted in comparably narrower and homogenous peaks.
Enthalpy values for the codissolved samples were much lower than lipid mixtures and lower than the apolipoprotein addition data. Group 7 consists of the even ratios and 30% SM except 100%SM. The average enthalpy value (2.4 kcal/mol) is almost identical to group 6 indicating a similar effect from apoLp-III. The average enthalpy decreased by about 0.5 kcal/mol for group 8 (ratios 10, 50, 70 and 100 %SM). This group has the lowest enthalpy with the exception of 90% SM codissolved (group 9). 90% SM has an average enthalpy of just over 1 kcal/mol, which is nearly half of the next smallest enthalpy (group 8). The conspicuous lower values at 90% SM indicate stronger protein interactions potentially facilitated by lipid packing and surface defects.
Comparing the codissolved thermogram (Fig. 7) to the apolipoprotein addition (Fig. 5) , there is significantly less demixing present within the liposomes. The transitions appear as one single peak and not as two components of different lipids. When the apolipoprotein is added to MLVs, the protein seems to interact stronger with the SM fraction of the liposomes, thereby diminishing SM-PC interactions as well as the SM enriched domains. This seems to result in more PCenriched domains that lead to two discernible peaks in the mixtures. This was proposed based on the trends observed from the Gaussian fittings explained later. Endotherm 4 in Fig. 7 represents 60% SM and shows the greatest T 1/2 value and the highest interaction with apoLp-III. Further increase in SM concentration resulted in T 1/2 values between 8.5 and 10°C with the persistence of the two component transition seen up to 80% SM ( Fig. 7 endotherms 2-5 ). The T 1/2 data also corresponds to DSC findings by [24] who demonstrated that SM addition to POPC bilayers induced peak broadening.
Variations due to lipid composition also indicate a role of surface defects within the lipid mixtures, which provide increased binding sites for apoLp-III. When the codissolved samples are compared to the lipid matrices, much less low temperature peak tailing and overall broader peaks with a higher transition temperature were observed. This indicated a strong interaction of the protein that facilitates the mixing of the lipid matrix. The overall slight upshift in T m indicated a stabilization of the lipid gel phase in the presence of protein.
Since several peaks from the protein addition trials indicated multi-component peaks, we performed Gaussian 2 Fitting analysis (Origin 7.5) on the thermotropic data as shown in Fig. 6 . In Fig. 6A a sample of the curve fitting and the parameters generated are shown. The ratio of 80% SM with apoLp-III shows a 2 peak fitted analysis that has equal contribution from both a presumably PC-enriched peak at the lower T m and a SM enriched fraction exhibiting the higher phase transition temperature. ApoLp-III caused a broadening and reduction in total enthalpy of all liposomes. Even in higher percentage SM liposomes a significant PC dominated peak is observed, indicating a preferential interaction of apoLp-III with SM. The T m trends for the two peaks are shown in Fig. 6B . The trend lines are not parallel with peak 2 (dashed SM) having a larger slope indicating a greater shift in the melting temperature. This suggested that there is a stronger interaction between apoLp-III and SM than with DMPC indicative by the larger shift in T m . The T 1/2 trends for selected mixtures are show in Fig. 6C . These points were selected from mixtures that showed the largest deviation in the T 1/2 data displayed in Fig. 3 . Although there is a large deviation between the maximum and minimum values for two experiments with 70% SM, the other data showed a trend where there is a clear separation between the DMPC and the SM peak. The T 1/2 is larger for the SM peak in the ratios from 40-70% SM. In addition, the enthalpy fittings shown in Fig. 6D from the same samples revealed a lower enthalpy for the SM component compared to PC. At 80% SM a slight deviation from the trend was observed, although only two data sets were used in the fitting analysis and the significance of this enthalpy is not known. In general, the T m and enthalpy fits support the stronger interaction of the apoprotein with SM resulting in broader peaks with reduced enthalpy.
Discussion
The structural resemblance of apoLp-III with human apolipoproteins implies a common mechanism for lipid binding interaction. ApoLp-III predominantly binds to lipoprotein surfaces highly enriched in DG in vivo. Human and insect lipoproteins are similar in size and density, and both contain integral apolipoproteins, i.e. apoLp-I and -II in lipophorin and apoB in LDL. Lipid compositions are quite different, although phospholipids are abundant in both lipoproteins and may be the main lipid component to which apolipoproteins bind [38] . Insect lipoproteins contain DG, and phospholipids, including sphingomyelin, but TG and cholesterol esters are virtually absent [3, 39] . On the other hand, DG is noticeably absent from vertebrate apolipoproteins [40] . While both invertebrate and vertebrate systems differ in several aspects, there are important similarities, in particular the resemblance in apolipoprotein structure and the interaction with PC vesicles resulting in the formation of similarly shaped nanodiscs [5, 16, 41] . Sphingomyelin is an important membrane component affecting its integrity and may require apolipoprotein binding interaction with lipoprotein surfaces. ApoLp-III was used as a model apolipoprotein to gain insight in the effect of SM on lipid packing and apolipoprotein binding interaction. The calorimetric experiments performed on the DMPC and SM vesicles with apoLp-III provide quantitative and qualitative information about their interactions. DSC data offered information about the phase transition(s) of the liposomes upon interaction with the apolipoprotein by analyzing thermotropic data such as the midpoint of the phase transition, T m , the overall cooperativity of the peak, T 1/2 and the peak area, which correspond to the enthalpy of the transition.
Some of these investigated lipid mixtures mimic the composition of human lipoproteins, which consists of 70% PC and 30% SM in LDL and 15% PC and 85% SM in HDL [26] . All liposomes exhibited characteristic thermographs. The sharp main transition at 24°C of pure DMPC became increasingly broader with the addition of SM (until 80% SM). In addition, the T m increased with each SM addition, eventually reaching values near the SM transition temperature of 39°C. The pretransition at 12°C observed for pure DMPC is a characteristic feature of the DMPC endotherm. The presence of small percentages of SM in the DMPC bilayers resulted in strong reductions of the pre-transition. This is due to the sensitivity of the PC bilayer to the presence of other lipid species such as SM which usually abolishes the pre-transition with a high concentration of apoLp-III [32] . The persistence of the pretransition even at 20% SM indicates that pure DMPC domains still exist and have not yet been perturbed by interaction with SM [32] . At 20% SM the pre-transition had slightly shifted towards the low temperature side of the transition and was significantly attenuated in terms of the enthalpy and by 40% SM the pre-transition was not visible. This indicates that increasing SM concentrations reduce the amount of pure DMPC domains that are available for this pre-transition. As mentioned in the results, there appeared to be two peaks overlapping in some of the endotherms for some of the PC/SM mixtures seen in Fig. 1 . In cooling scans these peaks became more defined suggesting that liposomes do not undergo a one cooperative transition but consists of a predominately DMPC and SM peak within the endotherm during transition. The effect of two overlapping endotherms in lipid mixtures has been seen with binary mixtures of DMPC and DMPG [32] .
The main transition is simplified as the gel to fluid transition where crystalline lateral packing is converted to form the less ordered liquid crystalline phase [42] . In more recent work this change in the lipid state was proposed to lead to the formation of domains, which are accompanied by the decrease in the order of the chains. These domains represent a localization of a lipid species within a bilayer [43] . Such domains have been described as "floating" in a membrane" and were proposed to be enriched in SM. [37] . In a PC matrix with the addition of cholesterol and SM immiscibility can form leading to domain formation [37] . The immiscibility can also form surface defects in the matrix and such domains may thus form sites for apoLp-III interaction.
Upon comparison of the thermographs of the various DMPC and SM vesicles it is apparent that apoLp-III preferred a binding interaction with SM compared to DMPC (Fig. 5) . The lipid mixtures, particularly 40% DMPC and 60% SM displayed the greatest binding affinity and interaction with apoLp-III. In the thermograph for DMPC the sharp component comprising the transition from the gel to liquid crystalline phase represent the DMPC domains, which are not interacting with the protein. However when apoLp-III binds, this peak becomes slightly attenuated indicating less free DMPC domains. The broad component of the thermograph is observed at a higher temperature than the T m of the lipid blank due to lipid domains that are perturbed by the apoLp-III interaction. This is supported further by the effect of apoLp-III interaction with the pre-transition peak of the lipid. In previous studies, it was found that at all lipid to protein ratios a pre-transition remained visible along with the main transition [32] . However the enthalpy of the pre-transition decreased with a reduction in the lipid to protein ratio. This correlates with our findings as more lipids interact with apoLp-III, the fewer free lipids show the pre-transition or the pure gel to L α phase.
Addition of apoLp-III did not indicate a strong affinity for pure DMPC. The overall main transition showed little changes in the T m , T 1/2 and enthalpy. However the codissolved method of preparation forces the protein to interact maximally with the lipids and resulted in a considerable change in T m , T 1/2 and enthalpy. This demonstrates that the affinity for DMPC is quite low with apoLp-III upon comparison with the maximal interaction observed with the codissolved method. The similarities between the thermotropic values for samples with and without apoLp-III indicate that there was not a significant alteration in the chain packing of the hydrocarbons during the phase transition. However the large shoulder evident in Fig. 5 of the pure DMPC peak shows that there is interaction between the liquid crystalline state of the lipids and the protein [32] . The gel phase of the transition did not show any perturbation or changes in the endotherm. As mentioned earlier the liquid crystalline state has considerably more disorder in the lipid acyl chains and adds surface defects to the bilayer. These defects can possibly act as binding sites for apoLp-III allowing for greater interaction. In order to have a stronger interaction visualized by a larger shift in the T m and a larger T 1/2 there must be a more significant disruption in the lipid packing to induce surface defects. The shift in T m upon binding became less pronounced with vesicles that were predominately SM or DMPC indicating the importance of decreased membrane stability due to lipid heterogeneity in apoLp-III binding. The largest ΔT m was observed for mixtures containing 40%-60% DMPC and the increase in T 1/2 indicates that large populations of lipids are interacting with apoLp-III as fewer lipids remain at the original T m . However, biological lipid mixtures and biomimetic vesicles with low percentages of DMPC have asymmetric traces and the T m may not represent the midpoint of the phase transition especially with heterogeneous liposomes with visible domains of DMPC and or SM [44] .
Data from the protein addition sets indicated multi-component peaks contributing to the transition (for example thermogram 5 in Fig. 5 ). Gaussian fittings were performed to assess differential interaction of the apolipoprotein with PC or SM. Fig. 6B shows a larger shift in the T m data for SM, which indicates an increased interaction with the SM component. Fig. 6C supports the larger shifts seen in 6B with a greater increase in the T 1/2 for the SM component. This can be attributed to packing defects that are caused by the largely heterogeneous mixtures of DMPC and SM. Such packing problems are illustrated in X-ray diffraction studies on liposomes composed of binary mixtures of SM and PC also indicated that PC can be accommodated in a low concentration in a SM matrix without disturbing the hydrocarbon chain packing [24] . In addition, at SM values above 50% the formation of distinct SM domains in these mixtures was observed that would grow in size with an increase in SM concentration. SM enriched samples in the protein addition series indicated a stronger interaction with SM (see the emergence of a lower temperature peak in Fig. 5 ) which was supported by the above mentioned peak fitting. Moreover, the lower enthalpy observed for the SM component (panel 6D) also suggests that apoLp-III preferentially interacts with SM. Both effects, preferential interaction with SM or packing defects at the edge of larger SM domains as well as packing defects on a smaller scale as illustrated in Fig. 8 , could contribute to the enhanced interaction with SM. A comparable preference was shown by liposome to nanodisc transformation analysis with apoA-I, showing increased nanodisc formation rates at higher ratios of SM to PC in liposomes [45] .
The interaction of proteins with lipids has been characterized by three different types of binding models. These have been referred to as Type 1, 2 and 3 models based on their effects on phospholipid gel to liquid crystalline phase transitions [30] . ApoLp-III has similarities to the Type 1 proteins, which interact with membrane lipids via polar and or electrostatic forces at the bilayer surface without significant penetration of the hydrophobic core of the bilayers, and their permeability is not affected [32, 46] . Type 1 interactions are known to show a modest increase in the T m and T 1/2 as observed in our data. Moreover, the enthalpy change is proportional to the amount of protein added which also correlates well with our data.
In many mammalian membranes PC and SM are the predominant phospholipids but are found at varying ratios (for a detailed discussion see [26] ). Fukuda et al. [45] found that heterogeneous interfaces facilitate the insertion of apoA-I, similar to the results seen for apoLp-III. ApoA-I interacts with DMPC rich domains at the T m due to pores formed in the bilayer at the boundary phase between the gel and liquid crystalline [47] . A relatively high rate of interaction between apoA-I and DMPC matrix is attributed to a large percentage of boundary lipids, which cause lattice defects in the L d phase [12] . The defects can be attributed to the increased rate of flip-flop found at the phase transition. Further evidence for packing defects have been observed for sonicated egg phosphatidylcholine, which showed that heterogeneity of fatty acid tails resulted in packing defects which may influence the L α state interaction with apoA-I [42] .
Phospholipids are known to flip flop within bilayers from the outer leaflet to the inner leaflet or vice versa. At the T m , packing defects that can induce rapid transbilayer lipid diffusion are likely to occur when phases coexist [48] . Furthermore, membrane spanning proteins have been shown to induce membrane perturbations in bilayers using fluorescence and phospholipid analogs. Surface defects influences the phospholipids flip-flop rate and are involved in many physiological activities such as stimulating ion permeability in the bilayer [45] . The phospholipid phase transition is described as occurring in clusters with approximately 100 phospholipids. The size of these clusters has direct correlation with the cooperativity of the phase transition and is related to the size and amount of surface defects [45] . It is proposed that during the main transition from the gel to liquid crystalline phase that with high amounts of SM in a PC matrix the gel converts to a L d phase (liquid disordered phase). The L d phase has a higher predisposition to form packing defects, upon which apoLp-III may be able to bind. ApoLp-III inserts into a lattice defect at this gel to liquid crystalline phase interface that arises in the L d phase. The heterogeneous interface at the L d phase enhances packing defects, which changes the local environment of the phospholipids that increases apolipoprotein binding affinity [45] . The presence of these L d and L o (liquid ordered) phases lead to the formation of domains upon which proteins can interact [49] . Due to the binding seen predominately at the phase transition temperature this may be due to the activation energy of the lipid-protein interaction only occurring near the T m , which provides the maximal number of surface defects at the boundaries of the gel and liquid crystalline phases where permeability is greatest [12] . This is in support with both human apoA-I and apoA-II, which showed an increased rate of association around the T m [42, 50] .
As discussed previously, the in vivo molar ratios of PC and SM in mammalian membranes vary significantly, and these differences may affect membrane function and biophysical characteristics. Thus, the presence of two different lipids induces lateral heterogeneity since molecular packing in the bilayer depends on molecular shape, size and charge of the lipids. Although SM and PC are very similar in terms of headgroup structure, the difference in the backbone can account for lipid composition dependent non-ideal packing [26] . The additional hydroxyl group and amide linked hydrocarbon chain of the SM backbone provides hydrogen bonding opportunities which may result in increased rigidity. Such a tighter packing of SM matrices over PC was also observed by fluorescence anisotropy in bilayer systems [51] . Brewster angle microscopy showed the formation of distinct lateral domains in SM-rich mixtures whereby the size increasing with the SM content [26] . At 60% SM smaller but more numerous domains were observed. Moreover, nearest neighbour recognition studies also indicated higher probability of packing and surface defects upon increased lateral heterogeneity [52] , which may provide more apoLp-III interaction sites. Surface defects are most prevalent at the melting temperature of the gel and liquid crystal phase, hence binding is only observed around a small range near the phase transition temperature. Studies reported by Arnulphi et al. [53, 54] showed that the introduction of SM into POPC liposomes created surface defects which increased apoA-I binding [13] . These surface defects are not just limited to SM and PC liposomes, but the addition of DG has also been known to cause this effect [32] . Hence higher amounts of SM will increase the amount of surface defects in liposomes and create additional apoLp-III binding sites.
The presented data showed the broadest transition (T 1/2 ) at 40% DMPC and 60% SM indicating the highest affinity of apoLp-III. Thus packing defects at certain ratios (30% SM, 70-80% SM) as well as the presence of lipid domains (at higher SM concentrations) could affect the binding of the apolipoprotein to these mixtures. Using pressurearea isotherms significant non-ideal mixing as a function of lipid composition was observed which also affected lipid compressibility, surface potential and domain formation [26] . These authors reported the highest packing defects at~30% SM and at 70-80% SM, which are the mixtures that showed conspicuous trends in the current calorimetric analysis.
In conclusion, the calorimetric studies showed the thermodynamic properties of DMPC/SM liposomes upon interaction with apoLp-III. The shift in T m , T 1/2 and enthalpy indicated an increased apolipoprotein affinity with SM domains in binary PC/SM mixtures. The increased affinity of apoLp-III with higher ratios of SM suggests the role of surface defects, facilitating apolipoprotein binding. Moreover, the potential existence of distinct rigid SM domains may also contribute to the enhanced binding interaction [26] . The calorimetric data presented helps to elucidate the role of non-ideal packing as a major factor in the interaction of apoLp-III with biomimetic PC and SM vesicles. The structural and functional similarity with other apolipoproteins makes apoLp-III a valuable protein to clarify the role of lipid packing as a function of overall lipid composition. Thus, a better understanding of its membrane interactions can be relevant for apolipoprotein membrane interaction in general and help to elucidate the mechanism of lipoprotein assembly.
